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SUMMARY  PAGE 


THE  PRDBIEM 

t6  eYaitiate  the  fxjtential  role  of  anplitude-modulatioh  rate  in 
icfentifieation  of  csdJ^Jiex  bounds  and  to  distinguish  sensory  and 
nonsensory  factors  that  underlie  the  perception  of  modulation  rate. 


THE  FINDINGS 

Sensory  and  nonsensory  limitations  in  modulation-rate  perception 
were  identified.  Results  from  a  fixed-standard  discrimination  task 
deScrihe  the  sensory  limits,  and  results  from  two  other  tasks  describe 
additional  limitations  which  play  a  role  under  less  optimal  conditions, 
more  typical  of  everyday  identification  of  sounds.  A  model  of 
intertsity  perception  (Durlach  &  :a:aida,  1969)  was  ectended  to 
modulation-rate  perce^ion.  The  results  and  model  contribute  to  an 
understanding  of  hew  well  temporal  variations  in  a  signal  can  be  used 
to  distinguish  conplex  sounds. 


AppiicKnc»i 

The  results  will  contribute  to  an  understanding  of  aural 
Glassification  of  sonar  signeils. 


ADMINISTRATIVE  INFORMATICS^ 

This  investigation  was  conducted  under  ca®  Work  lAiit  No.  61153N  - 
Rr4209.OO1  -  C»IR  4424207,  "(U)  Auditory  classificatiem  based  on  the 
identifiability  of  oenplex  ^iraulxas  features.”  It  was  sutanitted  for 
review  on  15  November  1988,  epproved  for  {uklication  on  30  January 
1989,  and  has  been  designated  as  NSMEUL.  Report  #  1128. 


ABSTRACT 


Modulation-rate  thresholds  were  measured  for  three  tasks:  a 
fixed-standard,  forced-choice  discrimination  task  with  a  500-ms 
interstimulus  interval;  a  random-standard ,  forced-choice  discrimination 
task  with  an  8-sec  interstimulus  interval;  and  an  identification  task. 
Thresholds  were  obtained  for  modulation  rates  from  14  to  224  Hz  with 
noise  carriers  band-pass  filtered  from  500-4000  Hz,  500-1600  Hz,  1700- 
2800  Hz,  and  2900-4000  Hz.  Ihe  four  bands  yielded  similar  results 
except  for  modulation  rates  of  150  Hz  and  greater,  vhere  the  500-1600 
Hz  thresholds  were  hi^er.  Fixed-standard  discrimination  thresholds 
were  a  relatively  constant  3  Hz  for  modulation  rates  up  to  66  Hz.  The 
increase  of  thresholds  for  modulation  rates  above  66  Hz  could  be  due  to 
temporal  resolution  limits  with  a  time  constant  of  about  2.4  msec.  For 
modulation  rates  above  100  Hz,  critical-band  filtering  decreases 
sensitivity  to  modulation  rate  for  the  500-1600  Hz  noise  band. 
Resolution  in  the  random-standard  discrimination  task  was  similar  to 
that  for  the  identification  task.  Thre^olds  were  elevated  relative  to 
fixed-standard  thresholds  exc^jt  at  the  edges  of  the  stimulus  range. 

In  the  random-standard  discrimination  task,  a  pronounced  criterion  bias 
was  present  for  stimuli  near  the  edge  of  the  range.  IXarlach  &  Braida's 
(1969)  model  describes  the  data  well  and  provides  quantitative  measures 
in  go^  agreement  with  those  for  intensity  perception. 


INTRODQCncaJ 


Becent  research  has  enphasized  the  importance  of  the  amplitude 
envelope  for  recognition  of  coatplex  auditory  signals.  For  example,  Van 
Tassel  et  al.  (1987)  argued  that  amplitude  modulation  cues  in  the  range 
from  20  to  200  Hz  can  be  used  to  encode  phonetic  features.  Maclcie,  ^ 
al.  (1981)  provided  evidence  that  scsne  perceptual  dimensions  of  sonar 
signals  are  related  to  modulation  in  the  amplitude  envelope  of  these 
signals.  Our  ability  to  enhance  recognition  of  sonar  signals  and  to 
develop  classification  algorithms  would  be  greatly  increased  by  an 
landerstanding  of  how  human  listeners  derive  distinctive  information 
from  a  signal's  envelope. 

Macmillan  and  his  colleagues  (Macmillan,  Braida,  &  Goldberg,  1987; 
Macmillan,  1987)  suggested  that  the  presence  of  auditory  perceptual 
features  may  be  inferred  from  a  comparison  of  thresholds  from  a  fixed- 
standard,  forced-choice  discrimdnation  task  with  those  from  an 
identification  task.  Forced-choice  discrimination  thre^olds  reveal 
the  iiltiroate  resolving  power  of  tte  sensory  system  without  any 
constraints  due  to  more  central  limitations.  An  identification  task 
places  additional  attentional  or  memory  constraints  on  the  listener.  A 
close  correspondence  between  thresholds  for  these  two  taslcs 
demonstrates  that  central  auditory  processing  preserves  the  sensory 
informatian,  presumably  because  of  its  importance  for  aural  recognition 
of  complex  sounds.  Other  stimulus  differences  will  not  be  resolved  as 
well  in  an  identificatim  task  as  in  a  discrimination  task,  due  to 
central-processing  limitations.  Durlach  &  Braida  (1969) ,  whose  work  on 
intensity  peroqption  formed  the  basis  for  Macmillan's  research, 
described  these  more  general  limitations. 

The  present  research  uses  the  Durlach  &  Braida  and  Macmillan 
approach  to  examine  the  perceptual  encoding  of  one  aspect  of  the 
envelope,  modulation  frequency.  Listeners'  abilities  to  resolve  . 
mtodulation  frequency  was  measured  using  a  fixed-standard,  forced-choice 
task  and  an  identification  task.  Fixed-standard,  forced-choice  data 
have  been  collected  using  a  tone  carrier  (Buus,  1983)  and  a  noise 
carrier  (Ahroon  &  Fay,  1977 ;  Formby,  1985) ,  but  very  little  work  has 
been  done  on  identificatiai  of  modulation  rate.  Hanna  (1988)  compared 
forced-choice  discrimdnation  thresholds  with  those  from  an 
identification  task.  For  a  noise  carrier  and  modulation  rates  less 
than  50  Hz,  thresholds  for  the  two  tasks  are  similar.  However,  this 
result  may  be  specific  to  the  range  of  stimuli  in  that  experiment.  The 
"edge"  of  the  stimulus  range  can  serve  as  a  perceptual  reference  and 
produce  good  identification  of  stimuli  near  the  edges  of  the  range,  by 
using  a  larger  range  of  modulation  rates,  the  present  study  determined 
the  degree  to  vhich  Hanna's  identification  thre^olds  were  influenced 
by  proximdty  of  the  edge  of  the  stimulus  range.  Furthermore,  the 
present  stu£^  was  intended  to  determine  whether  modulation  perception 
can  be  modeled  in  the  same  way  that  Durlach  &  Braida  described 
intensity  perception.  Four  different  stimulvas  frequency  bands  were 
used  to  determine  vdiether  modulation  perception  is  similar  for  these 
stimuli.  Previous  work  suggests  that  temporal  resolution  differs  as  a 
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function  of  spectral  content  and  these  differences  may  be  significant 
for  central  encoding  of  modulation  rate. 


MBIHOD 

1.  Apparatus.  BKadband  noise  was  multiplied  by  a  DC-offset  sinusoid 
t©  produce  essentially  100%  anplitude-niodulated  noise  (peak-to-trough 
ratio  of  60  dB) .  The  modulated  waveform  was  gated  on  and  off  with  a 
?0:^ms  sine-squared  ranp  to  minimize  gating  transients.  Total  duration 
was  500  ms.  The  resulting  waveform  was  banc^ass  filtered  by  a  Wavetek 
Brickwall  filter  (Model  753A,  asyirptotic  rejecticai  rate  of  115 
dB/octave)  and  presented  to  the  listeners  over  TDH-50P  earphones  at  a 
spectrum  level  of  33  dB  (re  20  uPa) . 


Table  I 

The  modulation-rate  increments,  in  Hz,  for  each  of  the  standards  vised 
in  the  two  discrimination  tasks. 


500-ms  ISI 

8-sec  ISI 

d.  rate 

Increments 

Increments 

(Hz) 

(Hz) 

(Hz) 

14 

2,4,8,16 

2,4,8,16 

20 

2,4,8,16 

2,4,8,16 

30 

2,4,8,16 

2,4,8,16 

44 

2,4,8,16 

4,8,16,32 

66 

2,4,8,16 

8,16,32,64 

100 

4,8,16,32 

16,32,64,128 

150 

4,8,16,32 

16,32,64,128 

224 

16,32,64,128 

32,64,128,156 

2.  Procedure.  A  two-interval,  two-altemative  forced-choice  procedure 
was  used  for  the  discrimination  task.  Each  trial  consisted  of  two 
sequential  stimuli:  a  standard,  vhich  had  a  fixed  modulation  frequency 
over  a  block  of  60  trials,  and  a  comparison  stimulus,  which  was 
increased  in  modulation  frequency  by  one  of  four  possible  values  (Table 
I)  on  each  trial.  The  two  were  presented  in  random  order.  The  subject 
indicated  vhich  of  the  two  had  the  hi^er  modulation  rate.  The 
interstiiKulus  interval  (ISI)  was  500  ms.  One  of  ei^t  modulation 
fretjiencies  —  14,  20,  30,  44,  66,  lOO,  150,  or  224  Hz  —  was  used  as 
the  standard  across  blocks.  Each  of  the  ei^t  standards  was  used  twice 
in  each  session,  so  each  two-hour  session  consisted  of  sixteen  60-trial 
blocks.  The  frequency-band  of  the  Wavet^  filter  was  fixed  for  each 
session  and  was  either  500-4000  Hz  (broadband) ,  500-1600  Hz  (low  band) , 
1700-2800  Hz  (middle  band) ,  or  2900-4000  Hz  (high  band) .  Three 
sessions  of  data  were  collected  for  each  frequency-band. 
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After  oortpletion  of  the  discximination  ta^,  an  identification 
task  was  lased.  On  each  trial,  the  listener  heard  one  of  nine 
modulation  frequencies  —  14,  20,  30,  44,  66,  100,  150,  224,  or  334  Hz  -- 
and  identified  vdiich  of  the  nine  had  been  presented.  In  each  two-hour 
session,  15  blocks  of  90  triads  were  presented,  yielding  150  trials  per 
modulation  frequency  per  day.  Each  day  one  of  the  four  frequency-bands 
from  the  discrimination  task  was  used.  Three  sessions  of  data  were 
collected  for  each  frequency-band. 

Finally,  data  were  collected  for  the  500-4000  Hz  band  using  the 
discrimination  procedure  alreacty  described  but  with  two  exceptions;  a) 
an  8-sec  interstiraulnas  interval  was  lased  rather  than  a  500-msec 
interval,  and  b)  the  standard  was  not  fixed  across  blocks  but  was 
randcanized  from  trial  to  trial.  Each  two-hcur  sessicn  consisted  of  ten 
40-trial  blocks.  Ei^t  sessions  of  data  were  collected  for  two  of  the 
listeners,  and  three  sessions  for  the  third. 

3.  Listeners.  Three  women  with  audiometriccilly  normal  hearing 
(thre^olds  of  15  dB  HTL  or  better)  served  as  subjects.  Two  were  paid 
for  their  participation;  the  third  was  a  meatiber  of  the  scientific 
staff. 
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Figure  1.  Modulation-rate  discrimination  thresholds,  in  Hz,  as  a 
function  of  modulation  rate,  in  Hz,  for  the  500-4000  Hz 
condition  (x) .  The  results  from  two  other  studies  are  also 
shewn:  Hanna  (1988)  (o)  and  Fontiby  (1985)  (A) . 
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RESUIirS  AND  DISCUSSIC^J 


1.  Discarimlnation  task  fSOO-ms  ISI) .  The  data  were  collapsed  across 
blocks  and  a  ^  was  estimated  for  each  combination  of  modulation 
frequency  and  Increment.  The  ^  values  for  each  standard  were  then 
fitted  with  a  psychometric  function  of  the  form  ^  =  a(^  f)+  f)^. 

The  value  of  A  f  that  would  yield  a  ^  of  1  was  estimated  from  the 
fitted  function. 

Figure  1  shews  the  results  for  the  500-4000  Hz  band  (crosses) 
along  with  oortparable  results  from  two  other  studies.  Thre^old  values 
of^  f  aire  plotted  as  a  function  of  modulation  frequency.  The  circles 
represent  the  average  of  two  of  the  three  subjects^  from  Hanna  (1988) , 
vho  used  a  500-4000  Hz  signal  identiced  to  that  used  here;  the 
triangles  are  the  results  from  Formfcy  (1985) ,  vho  used  a  somewhat 
broader  band,  limited  by  the  TEH-49  earphones  in  that  study.  The 
agreement  among  the  three  studies  is  quite  good.  All  three  functions 
^ow  a  flat  region  extending  from  20-66  Hz.  Previous  studies  (Miller  & 
Taylor,  1948;  Pollack,  1952;  Montoray,  Gebhard  &  Byham,  1956)  have  not 
dicwn  a  constant  threkiold  value  for  the  region  20-66  Hz,  but  they  did 
not  xise  a  criterion-free  measure,  such  as  the  two-altemative,  forced- 
choice  task  used  in  the  present  stu^  and  in  Formby's  (1985) . 

Thresholds  increase  for  modulation  rates  greater  than  66  Hz.  The  data 
are  consistent  with  the  work  of  Ahroon  &  Fay  (1977) ,  vho  showed  that 
A  f/f  is  constant  for  modulation  rates  from  50-200  Hz. 

Figure  2  shews  threshold  values  of  ^  f  as  a  function  of  modulation 
frequency  for  each  of  the  four  frequency-bands.  The  functions  are 
similar  except  at  modulation  rates  of  150  and  224  Hz.  Threshold  values 
are  a  relatively  constant  3  Hz  for  modulation  frequencies  less  than  or 
equal  to  66  Hz  for  all  four  conditions.  However,  both  the  present 
study  and  Formby's  shew  that  thresholds  decrease  for  modulation  rates 
less  than  20  Hz.  For  modulation  rates  greater  than  66  Hz,  thresholds 
start  to  increase,  but  are  still  relatively  constant  across  the  four 
conditions  at  a  modulation  rate  of  100  Hz.  For  modulation  rates 
greater  than  100  Hz,  thresholds  increase  more  rapidly  for  the  500-1600 
Hz  band  than  for  the  other  three  bands. 


Thresholds  for  the  third  listener  were  three  to  four  times 
hi^er  than  the  two  other  listeners  of  that  study  and  the 
three  listeners  of  the  present  stucy. 
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Figure  2.  Modulatiai-rate  discrimination  thresholds,  in  Hz,  as  a 

function  of  modulation  rate,  in  Hz,  for  the  500-4000  Hz  (x) , 
500-1600  Hz  (o) ,  1700-2800  Hz  (4) ,  and  2900-4000  Hz  (□) . 

^  The  increase  above  66  Hz  may  reflect  limited  tenporal  resolution 
within  the  auditory  system  —  this  cutoff  value  correspcxxSs  to  a  time 
constant  of  about  2.4  ms  and  seems  to  be  Ind^jendent  of  ^jectreil 
corrposition  of  the  signal,  results  that  are  consistent  with  Formby's 
(1988) .  The  divergence  of  the  thre^olds  for  the  500-1600  Hz  band  from 
those  for  the  other  frequency  bands  at  modulation  rates  greater  than 
100  Hz  presumably  reflecte  the  narrcwer  auditory  filters  at  lower 
frequencies.  As  modulation  frequency  increases,  a  point  is  reached 
where  ^e  cosrponents  that  interact  to  produce  the  modulation  do  not 
fall  within  a  single  critical  band.  Thus,  critical  band  filtering  can 
reduce  the  modulation  within  a  band,  making  frequency  discrimination 
more  difficult.  With  the  100-Hz  modulated  noise  stimulus,  the 
^termodulation  is  among  conponents  spaced  over  a  200-Hz  range.  The 
increase  of  thresholds  in  the  100-Hz  condition  is  consistent  with  a 
critical  bandwidth  of  rou^y  200  Hz  around  1000  Hz. 

It  is  interesting  to  ocnpare  the  present  modulation-rate 
thresholds  using  modulated  noise  to  thresholds  using  two-tone  coitplexes 
(Buus,  1983) .  The  results  agree  in  that,  for  each  carrier  frequency, 
thresholds  are  constant  over  a  range  of  low  modulation  rates.  However, 
for  a  carrier  frequency  of  4000  Hz,  Buus's  data  show  constant 
thresholds  for  modulatioi  rates  ip  to  640  Hz,  vhereas  thresholds  with 
modulated  noise  increase  for  rates  above  66  Hz.  Moreover,  Buus  shows 
thresholds  that  increase  from  2.5  to  10.9  Hz  as  the  carrier  frequency 
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incareases  frcan  500  tx3  4000  Hz,  vdiereeis  in  the  present  study,  there  is 
only  a  small  effect  of  carrier  frequency  —  averaged  across  modulation 
rates  from  20  to  66  Hz,  thresholds  are  2.9,  3.3,  and  3.4  Hz  for  the 
bands  500-1600  Hz,  1700-2800  Hz,  and  2900-4000  Hz,  respectively. 
Althou^  off-frequency  listening  could  possibly  diminish  any  effects  of 
carrier  frequency,  this  expleination  cannot  account  for  differences 
between  the  two  stndies  since  the  overall  levels  were  similar  (60  dB 
SEL  for  Buus  and  63  dB  SPL  in  the  present  study) .  The  two  stimuli 
differ  in  mary  respects:  a  difference  in  envelope  ^lape,  the 
vari^ility  of  the  noise  carrier,  and,  for  the  two-tone  cxaiplexes,  the 
possibility  of  spectral  or  fine-structure  pitch.  Nonetheless,  for 
carriers  less  than  2000  Hz,  both  studies  show  constant  thresholds  of 
about  3  Hz  for  low  modulation  rates. 

Formby  (1985)  demonstrated  another  similarity  between  two 
frequerKy-discrimination  tasks  in  the  region  frcan  20-66  Hz.  He 
ccatpared  pure-tone  frequency  discrimination  and  noise-carrier 
modulation-rate  discrimination.  Pure-tone  thresholds  were  2.8  and  2.6 
Hz  at  40  and  60  Hz,  respectively,  values  that  are  cxmparable  to  the 
modulation-rate  thresholds  and  thus  suggest  similar  limitations  for  the 
two  tasks.  At  frequencies  of  80  Hz  and  greater,  pure-tone  sensitivity 
is  better  than  modulation-rate  sensitivity,  presumably  because  of  the 
reduction  of  modulation  depth  and  the  use  of  other  cues  for  pure-tone 
discrimination . 


RESPONSE 


<  i  >  i  +  I 


(1) 

(2) 

(3) 

(4) 

Figure  3-  Ihe  2x2  matrix  used  to  cxarpute  d^  for  adjacent  pairs  of 
stimuli  in  the  identification  task. 
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2.  Identification  task.  Consider  the  nine  stimuli  and  the 
correi^nding  responses  as  numbered  from  1  to  9.  These  nine  stimuli 
can  be  thouj^t  of  as  ei^t  pairs  of  adjacent  stimuli.  ^  was 
calculated  for  each  of  the  ei^t  pairs  as  follows.  A  2  x  2  matrix  for 
the  pair  of  stimuli  i  and  i±l  was  constructed  by  tabulating  the 
responses  on  cxily  those  trials  vhere  either  stimulus  i  or  i+1  was 
presented.  For  each  of  the  two  stimuli,  the  responses  were  categorized 
as  either  grater  than  i  or  less  than  i+1.  That  is,  the  four  cells  of 
a  given  matrix,  shown  in  Figure  3,  were  defined  as:  l)  a  rei^nse  to 
stimulus  i  of  i  or  less,  2)  a  respcmise  to  stimulus  i  of  i+1  or  greater, 
3)  a  response  to  stimulus  i+1  of  i  or  less,  and  4)  a  response  to 
stimulus  i+1  of  i+1  or  greater.  For  each  matrix,  a  dl  was  oonpated  by 
dividing  the  number  of  responses  in  category  (1)  by  the  number  in 
[(l)+(2)  ]  and  treating  it  as  a  hit  rate,  and  dividing  the  number  of 
responses  in  category  (3)  by  the  number  in  [(3)+(4)]  and  treating  it  as 
a  false  alarm  rate  (Green  &  Swets,  1974) .  This  response  categorization 
was  judged  to  be  appropriate  because  no  prcaiounced  response  biases  were 
observed.  Figure  4  shows  ^  as  a  function  of  the  two  modulation 
frequencies  that  determined  the  As  for  the  discrimination  task, 
the  four  frequency-bands  yield  nearly  identical  results  exc^jt  for  the 
500-1600  Hz  band  at  modulation  rates  greater  than  100  Hz,  where  ^s  are 
lower. 


1 - 1 - 1 - 1 - 1 - 1 - 1 - r 


o 


O-LB  (500-1600  Hz) 

a  o 

A -MB  (1700 -2800 Hz) 

■ 

□  -HB  (2900 -4000 Hz) 

0 

X-BB  (500-4000HZ) 

"T - 1 - 1 - 1 - 1 - 1 - \ - 1 — 

14-20  20-30  30-44  44-66  66-100  100-150  150-224  224-334 

MODULATION- RATE  PAIR  (Hz) 


Figure  4.  d^  for  adjacent  stimuli  from  the  identification  task,  as  a 
function  of  the  modulation  rates,  in  Hz.  The  synibols 
correspond  to  the  same  conditioTS  in  Figure  2:  500-4000  Hz 

(X)  ,  500-1600  Hz  (O) ,  1700-2800  Hz  (A)  ,  and  2900-4000  Hz 

(O). 
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The  rwDdulation  difference  needed  for  a  ^  of  1,0  was  estimated 
from  the  d^s  in  Figure  4.  The  threshold  valxjes  for  the  1700-2800, 
2900-4000,  and  500-4000  Hz  bands  were  averaged  and  the  results  are 
^cwn  in  Figure  5  (triangles) .  The  thre^old  values  from  the 
discrimination  task  for  the  same  three  bards  were  also  averaged  and  are 
plotted  (circles)  for  comparison.  For  the  identification  task, 
thre^old  increases  rou^ily  linearly,  with  threshold  values 
apprcadmately  30%  of  the  modulation  rate.  Thresholds  for  the  extreme 
modulation  rates  are  comparable  to  those  from  the  discrimination  task, 
differing  by  a  factor  of  1.5-2. 5;  however,  in  the  middle  range, 
thresholds  are  markedly  hi^er  in  the  identification  task  by  a  factor 
of  almo^  10. 


Figure  5.  Modulation-rate  thresholds,  in  Hz,  as  a  function  of 

modulation  rate,  in  Hz,  with  a  500-4000  Hz  noise  carrier: 
the  500-ms  ISI  discrimination  task  (o) ,  the  identification 
task  (A) ,  the  8-sec  ISI  discrimination  task  (x) ,  and  a 
smaller^range  identification  task  (Hanna,  1988)  ( Q )  • 
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One  intent  of  the  study  was  to  determine  vSiether  certain 
modulation  rates  are  resolved  as  well  in  the  identification  task  as  in 
the  discrimination  task.  Sucii  a  result  would  suggest  that  central 
encoding  of  the  stimulus  envelope  preserves  the  peripheral  sensory 
resolution  of  these  features,  indicating  a  potentially  important  role 
in  classification  of  oonplex  sounds.  Hanna's  (1988)  results  suggest 
that  modulation  frequencies  less  than  50  Hz  may  be  resolved  as  well  in 
an  identification  teisk  as  in  a  discrimination  task.  Ihe  squares  in 
Figure  5  shew  the  identification  results  from  this  previous  study. 
Identification  thresholds  are  hi^er  for  the  present  stub's  broader 
range.  In  both  studies,  identification  threi^lds  are  larger  than 
discrimination  thresholds  e»:ept  at  frequencies  near  the  extremes  of 
the  stimulus  continuum.  Ihus,  the  two  studies  indicate  no  enhanced 
encoding  of  any  absolute  modulation  rates,  but  only  enhancement  near 
the  edges  of  the  continuum.  Uiese  "edge  effects"  are  comironly  observed 
in  tasks  of  this  sort  (Berliner,  Durlach,  &  Braida,  1977) . 

The  identification  results  from  the  two  studies  shewn  in  Figure  5 
are  similar  in  form.  Thresholds  in  the  broad  range  condition  are 
proportionally  larger  than  those  in  the  narrow  range  condition,  except 
as  influenced  by  edge  effects.  This  result  is  consistent  with  Durlach 
&  Braida 's  prediction  that,  for  large  stimulus  ranges,  the  variability 
of  stimulus  encoding  is  determined  by  the  size  of  the  stimulus  range, 
rather  than  by  sensory  limitations.  The  "size"  of  the  stimilus  range 
can  be  defined  as  the  number  of  just-discriminable  stimuli  along  that 
continuum.  If  "just-discriminable"  means  a  difference  yielding  a  di  of 
1  in  a  discrimination  task,  then  the  stimulus  range  size  for  the 
present  stuefy  was  about  40.4  as  ccarpared  to  a  range  size  for  the 
previous  stuefy  of  about  21.0.  According  to  Durlach  &  Braida,  for 
ranges  of  these  sizes,  the  encoding  variability  is  determined  by  the 
stimulus  context.  Because  this  variability  is  larger  with  the  larger 
range,  the  cumulative  ^s  frem  the  identification  tasks  should  be  only 
sli^tly  larger  for  the  larger  range,  in  spite  of  the  larger 
differences  between  adjacent  stimuli.  In  fact,  the  cumulative  d^s  for 
the  two  tasks  are  13.2  and  11.0,  consistent  with  the  theoreticcil 
framework  developed  by  Durlach  &  Braida.  As  shewn  in  Table  II,  the 
values  for  modulation-rate  agree  well  with  those  for  intensity  ranges 
of  54  and  27  dB,  estimated  frean  Braida  &  Durlach  (1972) .  The  fact  that 
the  framework  developed  for  intensity  perc^jtion  also  applies  to 
modulation-rate  perception  is  noteworthy. 
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1.  For  cxarparison,  Table  III  also  shews  the  results  for  the  SOO-insec 
interstimilus  interval,  vdiere  no  such  bias  effect  is  observed. 


SUMMARY  AND  CONOUSIONS 

1)  For  all  four  frequency-bands,  threshold  values  for  itKxJulation-rate 
discrimination  were  aj^roximately  3  Hz  for  modulation  rates  from  20-66 
Hz.  Thresholds  increased  for  modulation  rates  greater  than  66  Hz, 
consistent  with  a  time  constant  of  about  2.4  msec.  For  the  500-1600  Hz 
band  and  modulation  rates  greater  than  100  Hz,  modulation-rate 
discrimination  appears  to  be  limited  by  critical  band  filtering.  The 
thre^olds  for  modulation  rates  from  20  to  66  Hz  are  ccttparable  to 
those  for  two-tone  modulation  with  carrier  frequencies  less  than  2000 
Hz  (Buus,  1983)  and  for  frequency  discrimination  of  a  sinusoid  (Fomiby, 
1985) .  However,  differences  between  the  present  results  and  Buus's 
with  hi^er  carrier  frequencies,  particularly  for  hi^ier  modulation 
rates,  merit  further  study. 

2)  The  identification  task  indicates  that  no  modulation  rates  are 
differentiailly  encoded  centrally  to  preserve  specific  sensory 
information.  For  the  relatively  large  range  of  xnodulation  rates  used 
in  the  present  stu^,  a  30%  difference  in  modulation  rate  was  required 
for  resolution.  Thus,  any  aural  classification  of  sounds  based  on 
modulation  rate  would  require  a  difference  of  at  least  this  magnitude 
unless  other  stiraulxos  information  were  available. 

3)  The  data  frcaa  all  three  tasks  (identification,  fixed-standard 
discrimination  with  a  500-ms  ISI,  and  random-standard  discrimination 
with  an  8-sec  ISI)  and  earlier  results  from  Hanna  (1988)  are  very 
consistent  with  Durlach  &  Braida’s  (1969)  model  and  results  for 
intensity  perception  (Braida  &  Durlach,  1972;  Berliner,  Durlach,  & 
Braida,  1977) .  Ocatparing  intensity  perception  with  modulation-rate 
perc^±ion  shows  that;  resolution  in  an  identification  task  shews  a 
similar  dependence  on  the  size  of  the  stimulxjs  range,  where  the  size  of 
the  stiraulxos  range  is  the  number  of  just-discriminable  differences 
between  the  extremes  of  the  range  measured  in  a  discrimination  task; 
for  both  intensity  and  modulation  rate,  the  resolution  in  a  random- 
standard,  8-sec  ISI  discrimination  task  and  an  identification  task  are 
coaxparable;  and  edge-bias  effects  are  ebserved  with  the  8-sec 
interstirauli:is  interval  as  if  the  perc^Jt  of  the  first  stimulus  shifts 
towards  the  middle  of  the  range  by  an  amount  equal  to  the  modulation- 
rate  or  intensity  threshold.  Central  factors  seem  to  act  in  a  similar 
manner  for  both  intensity  and  modulation  rate. 
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